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Abstract
Nondimensionalization is a powerful technique and is widely applied in the study of fluid
mechanics and engineering because it helps to reduce the number of free parameters, identify the
relative size of effects of parameters, and gain a deeper insight of the essential nature of
phenomena. The nondimensionalization of 2D theory has been completed by the author (Zhen
et.al.,2020) and new dimensionless equations of motion were obtained. In this study, new
dimensionless dynamic equations are extended by incorporating new parameters to cope with
various environmental conditions. The new dimensionless analysis of dropped cylindrical objects
is consisted of four parts.
Part 1, the new dimensionless equations of motion for a dropped cylindrical object are presented
and validated. Firstly, the importance of force and moment has been analyzed. Secondly, the
effects of factors such as trailing edge, drag coefficient, and drop angle on trajectories of dropped
objects are systematically investigated.
Part 2, turbulent boundary flow is considered to extend the new 2D dimensionless equations of
motion for dropped cylinders. The cylinders are assumed to be dropped into the turbulent
boundary flow. The effects of trailing edge, drag coefficient, and drop angle on trajectories of
dropped object with turbulent boundary flow are investigated. It is found that results with
turbulent boundary flow seem to agree with experimental results published in Aanesland (1987).
Factors such as trailing edge, drag coefficient, and drop angle persistently show significant
effects on features of trajectories.
Part 3, various forms of currents are considered to extend the the new 2D dimensionless
equations of motion for dropped cylinders. The decreasing exponential current is used to
simulate weakening surface current and sinusoidal current is applied to mimic effect of
oscillating current. It is found that features of trajectories with uniform current are significant
distinguished from those with exponential or sinusoidal currents.
Part 4, Gaussian process is implemented in the new 2D dimensionless equations of motion. The
effect of randomness on trajectories is investigated by varying the variance of Gaussian process.
It is found that variance demonstrates a significant effect on trajectories.
Keywords:

dropped cylinders, nondimensionalization, Gaussian process, boundary flow, current
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Chapter 1 Introduction
As one of top ten hazard accidents in the oil and gas industry, dropped objects are believed to
possess potential damage on offshore and onshore facilities (DORIS, 2016). In the offshore
operation, dropping objects also raise the health and environmental issues. ABS guidance (ABS,
2010; ABS, 2013; ABS, 2017) suggests an evaluation process for the assessment of damage due
to objects dropping from the failed lifting operation on a supply boat or unsecured debris falling
overboard during storms. However, there is still a room for the guidance to be improved by
addressing the possibility of damage on structures and subsea equipment at seabed
underwater caused by the dropped objects. It is believed that lacking knowledge of entire
trajectory of dropped objects is one of the main reasons. Consequently, it is not able to estimate
the subsequent probability of striking additional structure and equipment and impact on other
structure. Therefore, to understand the fundamental mechanism of motion of objects falling
through water including prediction of their landing locations become important and urgent in
order to appropriately and promptly handle the unexpected operation situation and minimize the
potential damage. The fundamental understanding would improve monitoring the real-time
movement of dropped objects under water, predicting landing location on ocean bed and
estimating the potential damage occurred. It is also beneficial for creation of guidance of
offshore and onshore operation and minimizes damage.
This research work focuses on simulating trajectories of dropped cylindrical objects using
proposed dimensionless equations of motion ( Zhen et al., 2020) under various circumstances.
The proposed dimensionless equations of motion theoretically formulate 2D dimensional slender
body theory of dropped cylindrical object and they are largely developed on the work done by
Aanesland (1987). The theoretical treatment was proposed to calculate trajectories of dropped
cylindrical objects according to the similarity between motion of slender cylindrical objects
under water and maneuvering of slender ships (Aanesland, 1987). Aanesland (1987) noticed that
the coupled surge-heave-pitch ship motion could be applied to describe the motion of dropping
slender body in 2D dimensions. In order to compare the theoretical predictions, there were two
model tests performed by Aanesland. In the first model test, two dropping objects modeled by
different scales were dropped from a platform deck. The height of the platform deck is above
water surface. In the second model test, single object was dropped but the angle between pipe
and water surface was specified and varied. The pipe was dropped below the water surface and
trajectory was observed. From model test 1, it was shown that drop position has effect on
directional stability. The movements of longitudinal and lateral directions exhibit very different
patterns. Model test 2 showed that the motions of longitudinal and lateral directions were
significantly affected by drop angle. Both model tests provide consistent evidence that the
viscosity plays an important role in the movement along longitudinal direction or surge motion
and dynamics of maneuvering of slender ships are largely similar to falling dropped pipe through
water. Consequently, the theoretical description of motions of dropped objects were established
based on the maneuvering equation of ship motion as presented by Newman (Newman, 1977).
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1.1 Background/Literature Review
Experimental efforts have been made to study dynamics of falling cylindrical object. Aanesland
(1987) observed the entire trajectories of dropped cylinders by performing two drop model tests
in which a drop started from the platform deck and landed on the seabed. Dropping situations
were varied by height of drop and drop angle. It was found that dynamics of dropped cylindrical
object has similarities in maneuvering of ships and drop angle had significant effect on
trajectories of dropped objects. Yasseri (2014) performed the experiment to investigate the
landing location of fall of model-scale cylinders through water at low initial entry velocity. It
was concluded that the landing point positions of dropped cylinders within 10% of the water
depth had 50% of probability. The landing positions with 20% of the water depth had 80% and
the landing locations within 30% had 90% of probability. The probability for dropped cylinders
landing within 40% is 95% and 98% for landing within 50% of water depth. In 2015, there were
a series of model tests performed by Awotahegn (2015) to study the trajectories and excursions
of two drill pipes with diameters 8 and 12 which felt from certain heights above the water
surface and landed on the seabed. The maximum excursion points and seabed landing points
have been identified and analyzed. It was found that simplified method proposed by risk
assessment is generally conservative (DNV, 2010). The experimental trajectories of falling
cylinders with various mass center, initial velocity and drop angle have also been reported (Chu
et al., 2005).
Development of numerical simulation techniques for hydrodynamic analysis of dropped objects
have been attracted a large amount of attention because of the unrealistic costs of experimental
studies (Bergmann, 2011). Luo (1992) simulated two-dimensional motion of falling objects by
numerically solving the differential equations of motion.. A computer program DELTA was
developed to study the effects of several parameters. It was found that the drop angle has
significant effect on horizontal excursion at the seabed level. In addition, both drop height and
angle show effects on the horizontal velocity of the object. Moreover, it was shown that the
tangential drag coefficients have little impact on the trajectory (Colwill, 1992). Colwill (1992)
applied computer program, DELTA, to study trajectories of two dropped drill casings. The
results confirmed that drop height above waterline and initial dropped angle were critical
parameters affecting the horizontal velocity. Reliability-based impact analysis of simulation
results successfully established the relationship between impact velocity and probability of
excursions. Kim (2002) studied characteristic motions of freely falling body through water.
Numerical solution scheme has been developed for the time-dependent six degrees of freedom
motions of dropping object in water. The viscous effect has been considered on simulation of
trajectory of cylindrical body and the drag coefficients of the bodies for various body aspect
ratios, end shapes, and orientations to incoming flow have been estimated. The simulation results
draw consistent conclusions with that obtained from experimental tests, that is, simulated
dynamic pattern is affected significantly by initial drop angle, body aspect ratio, and mass center.
Simulation program IMPACT 35 has been developed to simulate falling objects’ movement
through a single fluid such as air, water or sediment and motion through the interface of different
fluids. In rotational coordinate system, equations of motion are formed by linearization of drag,
lift force, and moments with temporally varying coefficients in time domain (Chu et al., 2005;
Chu et al., 2006). IMPACT35 has been validated by comparison between its results and
experimental data. Nonlinear dynamic simulation of dropped objects has been carried out and
2

detailed hydrodynamic models of complex geometries have been developed to study a detailed
accurate assessment of dropped object trajectories. Moreover, the entire impact zone is estimated
by Monte-Carlo simulations in which the objects’ initial drop angle is considered as a random
variable (Majed, 2013; Xiang, 2016). Xiang (2017a and 2017b) modified maneuvering equations
for 2D theory of a slender rigid body into 3D theory by considering the effect of axial rotation on
dropped cylindrical objects. Alsos (2018) presented 3D motion dynamics of axis-symmetric
slender bodies falling from air through water. The simulations were carried out under condition
that the local center of gravity coincides with the geometric center of the slender body. A
numerical tool called Dropped Objects Simulator(DROBS) has been successfully developed to
investigate various factors that may affect the trajectory of dropped object (Xiang, 2017a; Xiang,
2017b). It should be noted that the numerical results from DROBS have been validated by at
least two experimental tests, implemented by Aanesland (1987) and Chu et al. (2005),
respectively. DROBS was successfully applied to investigate the random distribution of a
dropped model rocket freely falling into the UNO’s towing tank (Yu et al., 2020b). It was used to
study the hit probability of dropped cylindrical objects hit probability on pipelines at seabed in
offshore operations (Yu et al., 2020a), and the results from DROBS were compared with those
based on simplified method (DNV, 2010). It was found that such a simplified method may
introduce larger errors to the calculation of hit probability and mean radii.
Factors such as current, waves, and randomness have been incorporated into study of dynamics
of dropped object in order to understand mechanism of motion of dropped objects in complex
fluid environment. Xiang et al. (2016) developed DROBS to simulate the trajectories of dropped
cylinders falling through uniform currents in different directions. It was found that trajectories
and landing location of dropped cylinders were significantly affected by the direction of current.
The Monte Carlo simulation was also applied to study the landing position distribution of
dropped cylinders with different drop angles under current. The resulting landing position
distribution estimated risk free zones for dropped cylinders (Xiang et al., 2016). Irregular
nonlinear waves have been considered in the simulation of dropped cylindrical objects and
irregular nonlinear wave model was validated by good agreement between simulated wave
spectrum and target wave spectrum ( Xiang et al., 2019). Yu et al. (2019) simulated trajectories
of dropped cylinders under the initial state following the Gaussian distribution. It was found that
the behavior of dropped cylindrical ojbects was stochastic when they were expose to random
disturbing environment.

1.2 Summary of Literature Review
A review of the literature regarding the study of dynamics of dropped objects falling through
water shows that there are tremendous efforts made in experimental, theoretical, and numerical
study to identify the significant factors that influence dynamics of dropped cylindrical objects
falling through water and mathematically describe the entire trajectories of dropped cylindrical
objects starting from the platform and ending on the seabed. Motion of dropped cylindrical
objects has been one of the focuses of most of the research papers in the literature due to its
importance and a variety of explicit mathematical expression of forces and moments that govern
the motion based on strip theory and theory of slender body. These mathematical expressions are
applied in the dynamic equations to describe the effects of fluid forces- lift and drag and torque
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generated by fluid forces on the motions and reveal different features of dynamics of dropped
cylindrical object.
However, we found that there are important issues that have not been discussed in the literature,
and this is what this dissertation tries to cover. In particular, nondimensionalization of equations
of motion for dynamics of dropped cylindrical object falling through water is missing. Research
regarding numerical simulation of dimensionless dynamic equations receives a relatively limited
amount of attention. Nondimensionalization is very important and is a widely used technique in
the study of fluid mechanics and engineering. Parameters in equations can be reduced by
nondimensionalization and values of dimensionless coefficients can assess the relative effect of
factor in the equation. Relative large size of certain dimensionless parameters implies their
importance in the equation. Secondly, existing research on effect of boundary flow is largely
limited to the laminar boundary flow. Study of effects of turbulent boundary flow on dynamics
of dropped cylindrical object is missing. Thirdly, the study of effect of current is only confined to
uniform current. There is a limited amount of efforts made on the study of effect of currents in
the forms of sinusoidal and exponential function. Finally, incorporation of randomness is limited
to occur in initial state of motion. There is fewer amount of work done on study of effect of
random process on dynamics of dropped cylindrical object.
1.3 Objectives of the Study
The overall objectives of the present study are applying proposed dimensionless equations of
motion on (i) studying characteristics and analyzing the importance of force and moment terms
in proposed dimensionless equations of motion of dropped cylindrical objects; (ii) studying the
effects of turbulent boundary flow on trajectories of dropped cylindrical object; (iii) studying the
effects of forms of sinusoidal and exponential currents other than uniform current on trajectories
of dropped cylindrical object; (iv) studying the effect Gaussian process on trajectories of dropped
cylindrical object. Investigation of effects will be carried out systematically by varying trailing
edge, drag coefficients, and drop angle. The specific objectives are given in the following.
1.3.1 Nondimensionalization of Equations of Motions in 2D
1) analyze the importance of hydrodynamic force and moments in dimensionless governing
equations
2) investigate features of trajectories resulting from proposed dimensionless governing
equations under different trailing edges, x-directional drag coefficient, and drop angles.
1.3.2 Dropped Cylinders in Boundary Flows
1) present boundary flows induced frictional forces
2) investigate the effect of the boundary flow under different trailing edges
3) investigate the effect of the boundary flow under different x-directional drag coefficient
4) investigate the effect of the boundary flow on cycles of oscillation
4

1.3.3 Dropped Cylinders in Currents
1) present the current induced frictional forces and viscous moment.
2) investigate the effect of various forms of currents under different trailing edges
3) investigate the effect of various forms of currents under different x-directional drag
coefficient
4) investigate the effect of various forms of currents on cycles of oscillation
1.3.4 Dropped Cylinders in Gaussian Process
1) present the dimensionless stochastic governing equations
2) investigate the effect of Gaussian process under different dropped angles
3) investigate the effect of Gaussian process under different trailing edges
4) investigate the effect of Gaussian process under different x-directional drag coefficient
5) investigate the effect of variance of Gaussian process on simulated trajectories
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Chapter 2 Two-Dimensional Dimensionless Dynamics of Dropped
Cylindrical Object
2.1 Governing Dynamic Equations
In Aanesland’s research of accidentally falling drilling pipes, the two-dimensional dynamic
equations of falling pipes were firstly explicitly expressed (Aanesland, 1987). Aanesland found
similarity between the motion of dropping pipe and maneuvering of slender ships based on the
observation of his model tests of dropping pipes through water. The slenderness of the objects
means that its longitudinal particular length exceeds its transverse length by an several order of
magnitude. For dropped pipe, the length of pipe is far greater than its diameter. Thus, the
dropped pipe can be theoretically treated as a slender body. Due to facts that the large part of
motion was under water and the longitudinal velocity dominated the lateral velocity, coupled
surge-heave-pitch motion of the dropped pipe was correspondent to the coupled surge-sway-yaw
motion of the ship. Aanesland modified maneuvering equation of ships as presented by Newman
and proposed the mathematical expression of two-dimensional dynamic equations of dropped
cylindrical object (Newman, 1977).
In order to detail motion of dropped cylindrical object through water mathematically, the two
right-handed coordinate systems (global coordinate system and local coordinate system) attached
to the motion are shown in Figure 1. On the one hand, axis in a global coordinate system are
denoted by the upper case letters X and Z, where X-axis represents the coordinate of the stillwater surface and Z-axis represents the coordinate along direction normal to still-water surface.
Upward is defined as positive direction. On the other hand, axis in the local coordinate system is
denoted by lower case letters x and z which are fixed on the body of dropped cylindrical object.
The x-axis is aligned with the cylinder central axis and origin is defined at the centre of gravity.
The local coordinates coincide with global coordinates where the cylinder positions horizontally
on the water surface. The  denotes the instantaneous drop angle between the x-axis of the local
coordinate system and the X-axis of the global coordinate system.

Z

z



X

x

Figure 2.1 The local and global coordinate systems for dropped cylindrical object

The dynamic equations of dropped cylindrical objects are solved in the local coordinate system
(x, z) first and then physical quantities of interest will be transformed into global coordinate

6

system. Throughout entire study, the cylinder is assumed moving as a rigid body. In addition, the
shape of cylinder is assumed symmetric about the center of gravity in present study (x=z=0).
2.1.1 Surge motion
The surge motion refers to the motion along x-direction of the local coordinate system. Suppose
U1 be instantaneous velocity of dropped object along x-direction. Three forces are considered for
surge motion. They are the component of gravity along x-direction FG = mg sin(  ) where m is
mass of dropped object and g is gravitational acceleration, the component of buoyancy along xdirection Fbuoyancy = g sin( ) where  is density of water and  is volume of dropped object,
and the drag force Fdrag (fluid resistive force) which occurs when an object moves through a
fluid medium. Based on Newton’s Second Law of Motion, dynamic equation of the surge motion
can be written as


FG + Fbuoyancy + Fdrag = mU1 ,


where U1

(1)

indicates the derivative with respect to time. In this study, the drag force

Fdrag = F form + Fsurface includes two types of drags, form drag and surface drag. Particularly, the
1
 Cdx D 2U 1 | U 1 | where Cdx is x8
direction drag coefficient. It can be seen that the form drag depends on the cross-sectional area of
the cylinder presented to the water and is proportional to velocity squared (Hoerner, 1958). The

mathematical expression of form drag is given by F form =

explicit expression of surface drag or skin friction is defined as Fsurface = 0.664 U1 | U1 |  2 L
where  is kinematic viscosity and L is length of the dropped object. It implies that the surface
drag depends on smoothness of surface of the object moving through the fluid. The mathematical
expression of surface drag adopted here is an approximate solution to Blasius laminar boundary
layer theory (Schlichting, 1979).

2.1.2 Heave motion
The heave motion refers to the motion along z-direction in local coordinate system. Suppose U 3
be z-direction instantaneous velocity of dropped object. Four forces are considered along the
heave motion. They are the component of gravity along z-direction FG = mg cos(  ) , the
component of buoyancy along z-direction Fbuoyancy = g cos(  ) , the drag force Fdrag , and the
hydrodynamic force or lift Flift . Then dynamic equation of heave motion has the form as
following according to Newton’s Second Law of Motion,


FG + Fbuoyancy + Fdrag + Flift = m U 3
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(2)

Based on the theory of slender body, the total drag force Fdrag is obtained by integrating drag
force per unit length Fdrag (x) over the length of the dropped cylinder. Thus, the resultant drag
force Fdrag = 

0 .5 L

 0 .5 L

1
Cdz DU z ( x) | U z ( x) | , Cdz is z-direction drag
2
is instantaneous velocity along z-direction, and  2 is angular

Fdrag ( x)dx , where Fdrag (x) =

coefficient , U z (x) = U 3  x 2

velocity of rotation about y-axis. The mathematical expression of Fdrag (x) is empirical and
obtained from the experiments which show that there exists a drag force caused by a constant
current which is proportional to flow velocity squared and the cylinder diameter D (Gudmestad,
1996). Lift force Flift is hydrodynamic force perpendicular to the surge motion. Lift force is
resulted from interaction between the object and fluid particles that encounter the object. Based
on slender body theory,

Flift =



0 .5 L

 0 .5 L

Flift ( x)dx where Flift (x) is lift force per unit length.

D
[ma ( x)U z ( x, t )]x , where ma (x) is mass
Dt
of water displaced by cylindrical object at x, the velocity of a fluid particle in z-direction at x
z
Uz =
cos( ) - U 1 sin( ) ,  is angle between velocity of fluid particle and z-axis in the local
t
D
() is material derivative. When  is very small, velocity of a fluid
coordinate system, and
Dt
particle U z at x can be approximated by U z = U 3  x 2 where  2 is angular velocity of rotation

According to Impulse-Momentum Theorem, Flift = 



about y-axis. Thus, Flift can be explicitly expressed as - U 1mtU 3 + U 1 x t m t  2 - m33 U 3 .

2.1.3 Pitch motion
The pitch motion refers to the rotation about y-axis in local coordinate system. Along the pitch
motion, there are the torque generated by drag force  drag and the torque generated by lift
force  lift . According to Newton’s Second Law for Rotation, dynamic equation of pitch motion
can be expressed as


 drag +  lift = M 55  2

(3)

where M 55 is the moment of inertia in pitch direction and  2 is angular velocity of rotation
about y-axis. The resultant torque  drag =-0.5



0 .5 L

 0 .5 L

Cdz DxU z ( x) | U z ( x) | dx (Gudmestad, 1996)

where Cdz is z-direction drag coefficient and U z ( x)  U 3  x 2 is instantaneous velocity in z

direction. The resultant torque  lift =  m55  2 + U 1 xt mt (U 3  xt  2 ) + U 1m33U 3

, where xt

represents the coordinate of the trailing edge, xn the coordinate of the nose, mt  ma ( xt ) is two-
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dimensional added mass coefficient for heave direction at the trailing edge, m33 =



xn

xt

ma ( x)dx is

xn

added mass for heave motion from strip theory and m55 =  x 2 ma ( x)dx is added mass for pitch
xt

motion from strip theory.
U 1 , U 3 and  2 in the local coordinate system at each time step are solved numerically, then

are transformed into the motions in the global coordinate system by using the relationship




[ X Z ]=[ U 1 U 3 ][

cos(  )  sin(  )
sin(  )

cos(  )

]



The instantaneous angle  is solved by  =  2 .
2.2 Nondimensionalization of Governing Equations in Calm Water
In order to obtain the units of measurement of the velocity U and time T, the governing equation
of surge motion Eq.(1) is used. By introducing the dimensionless velocity U  and dimensionless
time t  , the velocity of surge motion U 1 and time t can be expressed as
U 1 = U U 1'
t = T t

where U 1 and t  are the dimensionless surge velocity and dimensionless time, respectively.
Plugging the expressions above into equation of surge motion Eq.(1), we have


(m-  )g sin(  ) -0.664   2 L U1 | U 1 | U3/2-0.125   Cdx D 2 U 1 | U 1 | U2=m U 1
Dividing by m


U1 =

U
(4)
T

U
on both sides of Eq.(4）, we have
T

m  
T
T
g sin(  ) -0.664   2 L U1 | U 1 | U3/2
m
U
mU

-0.125   C dx D 2 U 1 | U 1 | U2

T
mU

Choosing
0.125   D 2 U2

T
=1 and
mU

g

T
=1
U

Thus, the unit of measurement of velocity and time in trajectory of dropped cylindrical object are
obtained as
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U=

8mg
,
D 2

T=

8m
gD 2

and
(5)

Using unit of measurement of velocity and time U and T in Eq.(5), the dynamic equations of
surge, heave and pitch motions in the two-dimensional theory for dropped cylindrical objects can
be non-dimensionalized to Eqs.(6)-(8), respectively. From the dimensionless equations, it can be
seen that the parameters in the mathematical models are reduced comparing with Eqs. (1)-(3). In
surge motion, the parameters are reduced from nine to three. The parameters have been reduced
from ten to five in heave motion. Non-dimensionalization reduce parameter in pitch motion from
eight to three.
For surge motion:


U1 = A1 sin(  ) - B1 U1 | U 1 | - C1 U 1 | U 1 |

(6)

where U1 is dimensionless velocity of surge motion and A1 ,
coefficients which are
A1 =

B1 , and C1 dimensionless

m  
，
m

B1 =0.664   2 L U1/2

T
,
m

and C1  Cdx
For heave motion:


2
2
U 3 =- A2 cos(  ) + B2 U 3 + C2 2 + D2 U1 U 3 + E2 U1 2

(7)

where U 3 and 2 are dimensionless velocity of heave motion and dimensionless angular
velocity about y-axis and A2 , B2 , C2 , D2 and E2 are dimensionless coefficients which are
defined as below
A2 =

m  
，
m33  m

B2 = 0.5 Cdz DLUT /( m33  m) ，
C2 = 0.5 Cdz DL3 / UT /( m33  m) ,
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D2 = mtUT /( m33  m) ,
E2 = ( xt mt  m) /( m33  m)

For pitch motion:


2 = A3 U 3 2 + B3 U1 U 3 + C3 U 1 2

(8)

where U1 , U 3 , and 2 are dimensionless velocity of surge motion, heave motion and
dimensionless angular velocity about y-axis, respectively. The dimensionless coefficients A3 ,
B3 , and C3 are
A3 = 0.5 Cdz DL3UT /( m55  M 55 )
B3 = (m33  xt mt )(UT ) 2 /( m55  M 55 ) ,

and C3 =- xt2 mt UT / (m55  M 55 ) .
The unit of measurement of length scale L can be obtained by unit of measurement of velocity
and time
L  UT =

8mg
D 2

8m
8m
=
2
gD
 D 2

(9)

The length L is the distance covered in the time interval of T at the velocity U. It will be used to
estimate the order of magnitude of the distance at which oscillating motion of dropped
cylindrical object terminates.
Existence and Uniqueness of Solutions to Dimensionless Governing Equations: Equations of
motion Eqs.(6)-(8) in 2D dimensionless theory can be summarized in the form of y  F ( x, y ) .
F
Since both F ( x, y ) and
are continuous, the solutions are existent and unique according to
y
Existence and Uniqueness Theorems (Evans,2010) .

2.3 Dimensionless Analysis on Dimensionless Governing Equations
In this subsection, the importance of force and moment terms in the new 2D dimensionless
theory of dropped cylinders will be analyzed and identified by calculating values of
dimensionless parameters. Furthermore, the new 2D dimensionless theory will be applied to
revisit the effects of trailing edge, x-directional drag coefficient, and initial orientation angle on
trajectories of dropped cylinders.
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2.3.1 Effects of hydrodynamic force and moments on motions
Using the proposed units of measurement of velocity and time in the Eq.(9), the two-dimensional
dynamics can be written in dimensionless forms of Eqs. (10)-(12). For surge motion,
dimensionless frictional drag and dimensionless form drag are plotted in Figs 2.2 at initial
dropping angles of 30o. From the figures, it can be seen that the magnitudes of frictional drag are
greater than those of form drag. When the initial dropping angle increases, the magnitudes of
frictional drag and form drag increase. However, the frictional drag seems to become more
dominant. Furthermore, figures show that frictional drag and form drag are oscillating force and
their magnitude decreases in time frame. For heave motion, dimensionless wave force Fdz and
dimensionless force induced by trailing edge FT = D2 U1 U 3 + E2 U1 2 are plotted in Figs 2.3
and 2.4. It can be seen that wave force and trailing edge force are in opposite direction. When the
initial dropping angle increases, the magnitudes increase. However, their magnitudes are roughly
in same level. Furthermore, figures show that frictional drag and form drag are oscillating force
and their magnitude decreases in time frame. For pitch motion, dimensionless moment induced
by wave force and dimensionless moment induced by hydrodynamic force are considered. It can
be seen that magnitude of moments induced by wave force and hydrodynamic force are seemly
same. When the initial dropping angle increases, the initial magnitudes of moments increase.
However, their magnitudes decay faster with increasing in dropping angle.. Furthermore, figures
show that frictional drag and form drag are oscillating and their magnitude decreases in time
frame. Comparing effect of force and moment, it can be seen that moment is dominating in
motion of dropped cylindrical object.

Figure 2.2. dimensionless frictional drag and form drag at drop angle 30o
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Figure 2.3. dimensionless force described by Morrison equation at drop angle 30o

Figure 2.4. dimensionless force induced by trailing edge at drop angle 30o

For scaled model with scale ratio (1:20.32), specifications are: length=0.45meters, density=0.548
kg/m3, mass=0.247kg, diameter of cross-sectional area=0.01 meters, and The density of water
=1025 kg/m3. The units of measurement of velocity and time can be obtained through Eq.(9) as
velocity U=7.83 m/s and time T=0.78s. Based on proposed units of velocity and time, the
dimensionless coefficients in equations of surge, heave, and pitch motions can be evaluated and
are shown in Tables 2.1-2.3. From the table 2.1, it can be seen that the effect of frictional drag
which is obtained from boundary layer theory for laminar flow is dominant in the surge motion.
Table 2.2 shows that drag force described by Morison equation is the most important for heave
motion. Table 2.3 indicates that the most contributions to moments for pitch motion come from
torques caused by drag force described by Morison equation and hydrodynamic force.
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Table 2.1
The values of dimensionless coefficients for surge motion
_________________________________________________________________
Dynamic component Dimensionless coefficients
Value
_________________________________________________________________
Hydrostatic force
0.85
A1
Frictional drag
12.71
B1
C1
Form drag
1.1-1.3
__________________________________________________________________
Table 2.2
The values of dimensionless coefficients for heave motion
_________________________________________________________________
Dynamic component Dimensionless coefficients
Value
_________________________________________________________________
A2
Hydrostatic force
0.74
Drag force
49.81
B2
Drag force
0.27
C2
D2
Hydrodynamic force
0.001
Hydrodynamic force
0.87
E2
__________________________________________________________________
Table 2.3
The values of dimensionless coefficients for pitch motion
_________________________________________________________________
Dynamic component Dimensionless coefficients
Value
_________________________________________________________________
Drag moment
597.96
A3
Hydrodynamic moment
283.11
B3
Hydrodynamic moment
0.001
C3
__________________________________________________________________

2.3.2 Simulated dimensionless trajectories
Using non-dimensional governing equations of surge, heave and pitch motions, dimemsionless
simulations have been performed through the use of the trailing edge values of Xt=0.0, 0.3, 0.4 ,
and 0.5. Resulting non-dimensional trajectories are shown in Figs 2.5-2.7 for the initial
orientation angles of  0 =30o, 0 =45o , and 0 =60o , respectively. For both initial angles of
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0 =30o and 0 =45o , the simulated dimensionless trajectories at the trailing edge positions
Xt=0.3 and Xt=0.4 are more in line with the experimental results. Dimensionless trajectories
with Xt=0.5 overshoot the right-hand side boundary of the observed experimental range. All
trajectories show a similar pattern. The effect of the trailing edge decreases at a larger initial
orientation angle  0 . Figure5 shows the simulated dimensionless trajectories for 0 =60o. The
simulated dimensionless trajectory for Xt=0.4 seems to agree well with of dimensionless
experimental values. From Figure 2.5 through Figure 2.7, it can be seen that when initial
orientation angles increase from 30o to 60o , simulated dimensionless landing points seem to shift
to farther landing location along horizontal direction. Landing positions of the dropped
cylindrical at large initial dropping angles seem to separate farther apart compared with those at
lower angles. The dimensionless simulation show that the trailing edge position Xt has a
significant effect on the simulated dimensionless trajectory.

Figure 2.5. Simulated dimensionless trajectories at drop angle 30o with different trailing edge coefficient
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Figure 2.6. Simulated dimensionless trajectories at drop angle 45o with different trailing edge coefficient

Figure 2.7. Simulated dimensionless trajectories at drop angle 60o with different trailing edge coefficient

Figs 2.8-2.10 show the resulting non-dimensional trajectories for different z directional drag
coefficients, Cdz =1.0, 1.1, 1.2 and 1.3, respectively. Figure 2.8 shows that simulated
dimensionless trajectory overshoot at right boundary of experimental envelop for all values of
Cdz at drop angle of 30o . From Figure 2.9, It can be seen that dimensionless trajectories for
Cdz =1.0 and 1.1 are in line with experimental envelop when the drop angle is increased to 45o.
When the drop angle is increased to 60o , the dimensionless trajectories for Cdz =1.2 and 1.3 seem
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to fall into the range of experimental dimensionless trajectory as shown in Figure 2.10. Overall,
it can be seen that for each drop angle, the dropped object demonstrated similar simulated
dimensionless trajectories compared with simulation with physical units. It shows that trajectory
under the larger drag coefficient Cdz seems to cause farther landing point in positive x-direction.
The possible reason is that larger Cdz arises larger resistance force which slows down the falling
motion and allows the dropped cylindrical object to travel further in X-direction.

Figure 2.8. Simulated dimensionless x-z plane trajectories with different Cdz at drop angle 30o

Figure 2.9. Simulated dimensionless x-z plane trajectories with different Cdz at drop angle 45o
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Figure 2.10. Simulated dimensionless x-z plane trajectories with different values of Cdz at drop angle 60o

Figure 2.11 shows time domain dimensionless translational motions in Z direction for initial
orientation angle of 0 =45o with z direction drag coefficients Cdz =1.0, 1.1, 1.2 and 1.3 and the
trailing edge Xt=0.4 is used. The dimensionless translational motions in Z-direction for x
direction drag coefficients Cdx =1.0, 1.1, 1.2 and 1.3 are shown in Figure 2.12. For Fig 2.12, the
trailing edge Xt=0.4 is used. In Figure 2.12 , it can be seen that the deviation of trajectories at
different z direction drag coefficients Cdz happens in middle of falling motion. The time domain
translational motions seem identical for various values of the x direction drag coefficient Cdx .
Simulation results confirm that the trajectory is significantly affected by the trailing edge.

18

Figure 2.11 Simulated time domain dimensionless translational motions in Z-direction with different values of C dz

Figure 2.12 Simulated time domain dimensionless translational motions in Z-direction with different values of Cdx

Figs 2.13-2.15 show the resulting non-dimensional X-Z plane trajectories for the initial
orientation angles varying from 0o and 90o in uniform increments of 15o at the trailing edge
positions Xt=0.3, 0.4, and 0.5. The drag coefficient are unchanged with value of Cdz =1.0 and
Cdx =1.2 for simulations. As shown in Figures, non-dimensional X position tends to increase
when increasing the dropped angle. When drop angle reach 90o, X tends to decrease to zero.
When the trailing edge increase, the positive X position at 90o seems to decrease. Optimal value
of trailing edge Xt is 0.4 for drop angle less than 60o and 0.5 for drop angle greater than 60o . The
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total excursion distribution at non-dimensional z position of 0.7 is employed in the simulation.
Non-dimensional simulated results confirm that the initial orientation angle 0 is one of the
significant factors in determination of shape of trajectories of dropped cylindrical objects, which
is consistent with the findings from [3, 9, 10].

Figure 2.13. Simulated dimensionless X-Z plane trajectories with drop angles from 0o to 90o, Xt=0.3

Figure 2.14. Simulated dimensionless X-Z plane trajectories with drop angles from 0o to 90o, Xt=0.4
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Figure 2.15. Simulated dimensionless X-Z plane trajectories with drop angles from 0o to 90o, Xt=0.5

Figs 2.16-2.18 show the resulting dimensionless trajectories in X-Z plane for the initial
orientation angles  0 =30o, 45o and 60o. For each drop angle, the non-dimensional X-Z
trajectories have been inspected at three non-dimensional depths of 6. From the figures, it can be
seen that the spiral motion or periodic mode in non-dimensional trajectory is largely affected by
trailing edge. The increase in trailing edge leads to decreasing in amplitude and frequency of
oscillation. At different dropping angles, trajectory exhibits consistent varying pattern of spiral
motion.
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Figure 2.16. Simulated dimensionless X-Z plane trajectories at drop angle 30o and dimensionless water depth z = (6.0,0)

Figure 2.17. Simulated dimensionless X-Z plane trajectories at drop angle 45o and dimensionless water depth z=(6.0,0)
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Figure 2.18. Simulated dimensionless X-Z plane trajectories at drop angle 60o and dimensionless water depth z=(6.0,0)
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Chapter 3 Nondimensional Trajectories of Cylinders under Various
Environmental Condition
3.1 Dropped Cylinders in Boundary Flows
When dropped cylindrical object moves through the still fluid with velocity U, it is equivalent
that the fluid flows past the stationary object with velocity U. Because of continuous change in U
and geometric structure of cylindrical object, the fluid flow is not uniform and steady. The
characteristics of the flow depends on size, orientation,speed and fluid properties which could
form various dimensionless parameters. One of important parameters is Reynolds number which
is ratio of inertial force to the viscose force ( Re  UL /  ) and function of velocity U and
dynamic viscosity  . Since the fluid viscosity is not zero, the fluid must stick to the surface of
the cylinder(the no-slip boundary condition). Fluid flow will form boundary layer region in
which the viscosity effect is dominant and fluid velocity changes from U to zero velocity on the
cylinder. Thus, the dropped cylindrical object moving under water with different velocity will
experience non-constant or variable characteristic flows in the region such as turbulent flow,
laminar flow and mixture of turbulent flow and laminar flow. This section aims at the
investigation of influence of boundary layer region on the dimensionless trajectory in twodimensional dynamical system.
3.1.1 Boundary flows induced frictional forces
When the cylinder is moving in the still water, it is equivalent to the water flow past the cylinder.
The flow past the surface of object is characterized by the function of various parameters such as
shape, size, orientation, speed, and fluid properties. The most important parameter is the
Reynolds number, Re  UL / v , where U is velocity of object, L is length, and v is kinematic
viscosity of water. If the Reynolds number is small, the flow is governed by the viscous effect. If
the Reynolds number is large, the the flow is dominated by inertial forces. When the flow past
the object, the boundary layer region is formed because of the no-slip boundary condition.
Within the boundary layer, it may be laminar or turbulent flow depending strongly on the
Reynolds number and geometries of structure. The expression of frictional drag
1
Fdx = 0.664 U1 | U1 |  2 L + Cdx D 2U 1 | U 1 |
8

in which the first term is a solution to Blasius equation under assumption of laminar flow. In this
paper, under turbulent boundary flow, the form of viscous force is adopted as
Fdx = 0.5  [0.0015  (0.3  0.015(2 L / D ) 0.4 ) Re 1/ 3 ]DLU 1 | U 1 |

+

1
 Cdx D 2U 1 | U 1 | (White,1972)
8

Figures 3.1-3.6 show the frictional forces on the dropping cylinder under water along the surge
motion with the trailing edge values of Xt=0.4 and x-directional frictional drag coefficient of
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Cdx =1.0 and 1.2 at drop angle 30o, 45o, and 60o. From plots, it can be seen that the frictional

forces induced by boundary flow are oscillating. Furthermore, the magnitude of forces with
turbulent boundary flow is smaller than that with laminar boundary flow. Initial frictional forces
increase with increasing in initial orientation angles and decreases with increasing x-directional
frictional drag coefficient. In addition, the forces in turbulent boundary flow decrease faster than
that in laminar boundary flow.

Figure 3.1: dimensionless boundary flow induced frictional drag forces on the cylinder with C dx =1.0 at drop angle
30o
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Figure 3.2: dimensionless boundary flow induced frictional drag forces on the cylinder with C dx =1.2 at drop angle
30o

Figure 3.3: dimensionless boundary flow induced frictional drag forces on the cylinder with C dx =1.0 at drop angle
45o

Figure 3.4: dimensionless boundary flow induced frictional drag forces on the cylinder with C dx =1.2 at drop angle
45o
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Figure 3.5: dimensionless boundary flow induced frictional drag forces on the cylinder with C dx =1.0 at drop angle
60o

Figure 3.6: dimensionless boundary flow induced frictional drag forces on the cylinder with C dx =1.2 at drop angle
60o
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3.1.2 The Simulated trajectories
3.1.2.1 The boundary flow effect under different trailing edges
Using non-dimensional governing equations of surge, heave and pitch motions, dimensionless
simulations have been performed through the use of the trailing edge values of Xt=0.0, 0.3, 0.4 ,
and 0.5 for the initial orientation angles of 0 =30o,  0 =45o , and 0 =60o , respectively. Simulated
trajectories are shown in Figures 3.7-3.18. From figures, it can be seen that, for both initial
angles of 0 =30o and 0 =45o , the simulated dimensionless trajectories under turbulent boundary
flow at the trailing edge positions Xt=0.3 and Xt=0.4 are more in line with the experimental
results. In addition, dimensionless trajectories under laminar boundary flow with Xt=0.5
overshoot the right-hand side boundary of the observed experimental range more than that of
turbulent boundary flow. All trajectories exhibit a similar pattern. Furthermore, figures show that
when initial orientation angles increase from 30o to 60o , simulated dimensionless landing points
seem to shift to farther landing location along horizontal direction. Landing positions of the
dropped cylindrical at large initial dropping angles seem to separate farther apart compared with
those at smaller angles. Also, the landing position of laminar boundary flow is further than that
of turbulent boundary flow. The dimensionless simulation show that the trailing edge position Xt
has a significant effect on the simulated dimensionless trajectory.

Figure 3.7. Simulated dimensionless trajectories of dropped cylinders at drop angle 30o with trailing edge of

X t =0.0.
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Figure 3.8. Simulated dimensionless trajectories of dropped cylinders at drop angle 30o with trailing edge of

X t =0.3.

Figure 3.9. Simulated dimensionless trajectories of dropped cylinders at drop angle 30o with trailing edge of

X t =0.4.
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Figure 3.10. Simulated dimensionless trajectories of dropped cylinders at drop angle 30o with trailing edge of

X t =0.5.

Figure 3.11. Simulated dimensionless trajectories of dropped cylinders at drop angle 45o with different trailing edge

X t =0.0.
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Figure 3.12. Simulated dimensionless trajectories of dropped cylinders at drop angle 45o with trailing edge of

X t =0.3.

Figure 3.13. Simulated dimensionless trajectories of dropped cylinders at drop angle 45o with trailing edge of

X t =0.4.

31

Figure 3.14. Simulated dimensionless trajectories of dropped cylinders at drop angle 45o with trailing edge of

X t =0.5.

Figure 3.15. Simulated dimensionless trajectories of dropped cylinders at drop angle 60o with trailing edge of

X t =0.0.
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Figure 3.16. Simulated dimensionless trajectories of dropped cylinders at drop angle 60o with trailing edge of

X t =0.3.

Figure 3.17. Simulated dimensionless trajectories of dropped cylinders at drop angle 60o with trailing edge of

X t =0.4.
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Figure 3.18. Simulated dimensionless trajectories of dropped cylinders at drop angle 60o with trailing edge of

X t =0.5.

3.1.2.2 The boundary flow effect under different x-directional drag coefficient
Non-dimensional simulations have been performed through the use of the values Xt=0.4 for
initial orientation angle 0 =30o , 45o and 60o . Figs 3.19-3.30 show the resulting non-dimensional
trajectories for different x directional drag coefficients, Cdx =1.0, 1.1, 1.2 and 1.3, respectively.
From Figures 3.19-3.22, it can be seen that simulated dimensionless trajectory with laminar
boundary flow overshoot at right boundary of experimental envelop for all values of Cdx at drop
angle of 30o . It is interesting to see that the simulated dimensionless trajectories under turbulent
boundary flow seem to be more in line of experimental envelope. In addition, Figures show that
dimensionless trajectories for Cdx =1.0 and 1.1 are in line with experimental envelop when the
drop angle is increased to 45o for both of laminar and turbulent boundary flows.
Furthermore,when the drop angle is increased to 60o , the dimensionless trajectories for Cdx =1.2
and 1.3 seem to fall out of the range of experimental dimensionless trajectory. Overall, it can be
seen that for each drop angle, the dropped object demonstrated similar simulated dimensionless
trajectories compared with simulation with physical units. It shows that larger drag coefficient
Cdx seems to cause farther landing point in positive x-direction. The possible reason is that
larger Cdx arises larger resistance force which slows down the falling motion and allows the
dropped cylindrical object to travel further in X-direction.
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Figure 3.19. Simulated dimensionless x-z plane trajectories with C dx = 1.0 at drop angle 30o

Figure 3.20. Simulated dimensionless x-z plane trajectories with C dx = 1.1 at drop angle 30o
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Figure 3.21. Simulated dimensionless x-z plane trajectories with C dx = 1.2 at drop angle 30o

Figure 3.22. Simulated dimensionless x-z plane trajectories with C dx = 1.3 at drop angle 30o
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Figure 3.23. Simulated dimensionless x-z plane trajectories with C dx = 1.0 at drop angle 45o

Figure 3.24. Simulated dimensionless x-z plane trajectories with C dx = 1.1 at drop angle 45o
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Figure 3.25. Simulated dimensionless x-z plane trajectories with C dx = 1.2 at drop angle 45o

Figure 3.26. Simulated dimensionless x-z plane trajectories with C dx = 1.3 at drop angle 45o
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Figure 3.27. Simulated dimensionless x-z plane trajectories with C dx = 1.0 at drop angle 60o

Figure 3.28. Simulated dimensionless x-z plane trajectories with C dx = 1.1 at drop angle 60o
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Figure 3.29. Simulated dimensionless x-z plane trajectories with C dx = 1.2 at drop angle 60o

Figure 3.30. Simulated dimensionless x-z plane trajectories with C dx = 1.3 at drop angle 60o

3.1.2.3 The boundary flow effect on cycles of oscillation
Non-dimensional simulations have been performed under the trailing edge values of Xt=0.4.
Figs 3.31-3.36 show the resulting dimensionless trajectories in X-Z plane for the initial
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orientation angles  0 =30o, 45o

and 60o . For each drop angle, the non-dimensional X-Z

trajectories are shown at x-directional frictional coefficients of Cdx =1.0 and 1.2 and nondimensional Z position of z*=-10. From the figures, it can be seen that the non-dimensional
trajectory under turbulent boundary flow seems to end its spiral motion or periodic mode more
faster than that of laminar boundary flow. In addition, the oscillating mode seems to decrease its
amplitude with increasing in initial orientation dropping angle. Furthermore, the laminar
boundary flow seems to cause object to land in farther x position.

Figure 3.31 Simulated dimensionless X-Z plane trajectories with C dx =1.0 at dimensionless water depth z=-10 and
drop angle 30o
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Figure 3.32 Simulated dimensionless X-Z plane trajectories with C dx =1.2 at dimensionless water depth z=-10 and
drop angle 30o

Figure 3.33 Simulated dimensionless X-Z plane trajectories with C dx =1.0 at dimensionless water depth z=-10 and
drop angle 45o

Figure 3.34 Simulated dimensionless X-Z plane trajectories with C dx =1.2 at dimensionless water depth z=-10 and
drop angle 45o
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Figure 3.35 Simulated dimensionless X-Z plane trajectories with C dx =1.0 at dimensionless water depth z=-10 and
drop angle 60o

Figure 3.36 Simulated dimensionless X-Z plane trajectories with C dx =1.2 at dimensionless water depth z=-10 and
drop angle 60o
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3.2 Dropped Cylinders in Currents
When there is existence of current in fluid environment, the motion of dropped objects will be
influenced by forces and moments generated by current. When fluid flows past a nonstreamlined body, vortices (oscillating flow) will be created at the back of the body and detach
periodically from either side of the body to form a Von Kármán vortex street. The diameter of
vortex depends on the size and shape of the body. For the flow of atmospheric air over obstacle,
the diameter of vortices is normally 20 km to 40 km. The length of the vortex street can reach
over 400 km. Vortex can produce current which will influence the motion of dropped objects.
Since vortex is oscillating flow, the sinusoidal function is adopted to simulate the current
induced by vortex. When objects move through the ocean water, it is more likely to encounter
surface current which is continuous, directed movement of water generated by a number of
forces acting upon the water, including wind, the Coriolis effect, breaking waves, and
temperature and salinity difference. However, the impact of surface current should weaken when
the object drops into the deeper location. Thus, the decreasing exponential function is proposed
for the weakened effect of surface current. In this section, the effects of current on the trajectory
is under investigation. The simulation of trajectories will be carried out for three types of current:
uniform current, decreasing exponential distribution current and sinusoidal current and study the
dynamics of dropped objects under these impacts.
3.2.1 The current induced frictional forces and viscous moment.
Since the current will impose extra velocity on dropped object, the effect of current is introduced
by replacing velocity with relative velocity Vc  U o , where U o is velocity of object U c is velocity
induced by current. The various forms of current considered are uniform current Vc  U ,
exponential current Vc  exp(  at ) , where a is constant >0 and t is time, and sinusoidal current
Vc  A sin(t ) ,where A is amplitude,  is circular frequency and t is time. Thus,

the viscous force modified by current is
Fdz  0.5

0 .5 L

 0 .5 L

 0 .5 

Cdz DU z | U z | dx

0 .5 L

 0 .5 L

Cdz D[Vcz  (U 3   2 x)] | Vcz  (U 3   2 x) | dx

the viscous moment modified by the current is
M dy  0.5

0 .5 L

 0 .5 L

 0 .5 

0 .5 L

 0 .5 L

Cdz DxU z | U z | dx

Cdz Dx[Vcz  (U 3   2 x)] | Vcz  (U 3   2 x) | dx
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3.2.2 The simulated trajectories
3.2.2.1 The effect of various forms of currents under different trailing edges
Using non-dimensional governing equations of surge, heave and pitch motions, dimensionless
simulations have been performed through the use of the trailing edge values of Xt=0.0, 0.3, 0.4 ,
and 0.5 for the initial orientation angles of  o =30o, 45o , and 60o , respectively.The resulting
dimensionless trajectories are shown in Figs. 3.37-3.48. From figures, it can be seen that the
forms of current spread the trajectories along x direction. It is interesting to note that trajectory
under uniform current is significantly separated from those of exponential and sinusoidal current.
In addition, trajectory with uniform current seems to overshoot the right-hand side boundary
more than those of exponential and sinusoidal current. At drop angle of 30o, the trajectories with
exponential and sinusoidal currents exhibit similarly. The trajectories begin to separate from
each other when drop angle increases to 45o and 60o and trailing edge increases to 0.4 and 0.5.
Overall, trajectories show a similar pattern. Figures show that simulated dimensionless landing
points with uniform current seems to shift to farther landing location along horizontal direction.
Landing positions of the dropped cylindrical at large initial dropping angles seem to separate
farther apart compared with those at lower angles.In addition, the landing position under uniform
current is further than those of other forms of currents. The dimensionless simulation show that
the trailing edge position Xt has a significant effect on the simulated dimensionless trajectory.

Fig. 3.37. Simulated dimensionless trajectories of dropped cylinders at drop angle 30o with trailing edge of

X t =0.0.
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Fig. 3.38. Simulated dimensionless trajectories of dropped cylinders at drop angle 30o with different trailing edge

X t =0.3.

Fig. 3.39. Simulated dimensionless trajectories of dropped cylinders at drop angle 30o with trailing edge of X t =0.4.
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Fig. 3.40. Simulated dimensionless trajectories of dropped cylinders at drop angle 30o with different trailing edge

X t =0.5.

Fig. 3.41. Simulated dimensionless trajectories of dropped cylinders at drop angle 45o with different trailing edge

X t =0.0.
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Fig. 3.42. Simulated dimensionless trajectories of dropped cylinders at drop angle 45o with different trailing edge

X t =0.3.

Fig. 3.43. Simulated dimensionless trajectories of dropped cylinders at drop angle 45o with different trailing edge

X t =0.4.
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Fig. 3.44. Simulated dimensionless trajectories of dropped cylinders at drop angle 45o with different trailing
edge X t =0.5.

Fig. 3.45. Simulated dimensionless trajectories of dropped cylinders at drop angle 60o with different trailing edge

X t =0.0.
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Fig. 3.46. Simulated dimensionless trajectories of dropped cylinders at drop angle 60o with different trailing edge

X t =0.3.

Fig. 3.47. Simulated dimensionless trajectories of dropped cylinders at drop angle 60o with different trailing edge

X t =0.4.
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Fig. 3.48 Simulated dimensionless trajectories of dropped cylinders at drop angle 60o with different trailing edge

X t =0.5.

3.2.2.2 The effect of various forms of currents under different x-directional drag coefficient
Non-dimensional simulations have been performed through the use of the values Xt=0.4 for
initial orientation angle  o =30o and 45o and Xt=0.5 for 60o , respectively. Figs 3.49-3.60 show
the resulting non-dimensional trajectories for different x directional drag coefficients, Cdx =1.0,
1.1, 1.2 and 1.3, respectively. From figures, it can be seen that the forms of current spread
trajectories along x direction, that is, simulated dimensionless trajectory under uniform current
overshoot at right for all values of Cdx at drop angle of 30o. In addition, figures indicate that the
simulated dimensionless trajectories under exponential and sinusoidal forms of current exhibit
little separation. Furthermore, figures show that dimensionless trajectories for Cdx =1.2 and 1.3
exhibit small landing position along x direction when the drop angle is increased to 45o for
exponential and sinusoidal forms of currents. When the drop angle is increased to 60o , the
dimensionless trajectories for all values of Cdx seem to shift to the right at trailing edge of
X t =0.5. Overall, it can be seen that for each drop angle, the dropped object demonstrated

similar simulated dimensionless trajectories compared with simulation with physical units.
Moreover, figures show that drag coefficient Cdx has insignificant influence on landing point in
positive x-direction as well as the trajectory. The possible reason is that larger initial orientation
angle arises larger resistance force which increase the moment of the falling objects and allows
the dropped cylindrical object to travel further in X-direction.
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Fig. 3.49. Simulated dimensionless x-z plane trajectories with C dx = 1.0 at drop angle 30o

Fig. 3.50. Simulated dimensionless x-z plane trajectories with C dx = 1.1 at drop angle 30o
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Fig. 3.51. Simulated dimensionless x-z plane trajectories with C dx = 1.2 at drop angle 30o

Fig. 3.52. Simulated dimensionless x-z plane trajectories with C dx = 1.3 at drop angle 30o
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Fig. 3.53. Simulated dimensionless x-z plane trajectories with C dx = 1.0 at drop angle 45o

Fig. 3.54. Simulated dimensionless x-z plane trajectories with C dx = 1.1 at drop angle 45o
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Fig. 3.55. Simulated dimensionless x-z plane trajectories with C dx = 1.2 at drop angle 45o

Fig. 3.56. Simulated dimensionless x-z plane trajectories with C dx = 1.3 at drop angle 45o
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Fig. 3.57. Simulated dimensionless x-z plane trajectories with C dx = 1.0 at drop angle 60o

Fig. 3.58 Simulated dimensionless x-z plane trajectories with C dx = 1.1 at drop angle 60o
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Fig. 3.59. Simulated dimensionless x-z plane trajectories with C dx = 1.2 at drop angle 60o

Fig. 3.60. Simulated dimensionless x-z plane trajectories with cdx = 1.3 at drop angle 60o
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3.2.2.3 The effect of various forms of currents on cycles of oscillation
Non-dimensional simulations have been performed under the trailing edge values of Xt=0.4 for
the initial orientation angles  o =30o and 45o and 0.5 for 60o. Figs 3.61-3.66 show the resulting
dimensionless trajectories in X-Z plane for the initial orientation angles  o =30o, 45o and 60o.
For each drop angle, the non-dimensional X-Z trajectories are shown at x-directional frictional
coefficients of Cdx =1.0 and 1.2 and non-dimensional Z position of z*=-6. From the figures, it
can be seen that the non-dimensional trajectory under various forms of current seems to end its
spiral motion or periodic mode faster with increasing in initial dropped angle. The oscillating
mode seem to decrease its amplitude with increasing in initial orientation dropping angle and in
x-directional frictional coefficient Cdx . The uniform current seems to cause object to land in
farther x position.

Fig. 3.61 Simulated dimensionless X-Z plane trajectories cdx =1.0 at dimensionless water depth z=-6 and drop
angle 30o
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Fig. 3.62 Simulated dimensionless X-Z plane trajectories cdx =1.2 at dimensionless water depth z=-6 and drop
angle 30o

Fig. 3.63
angle 45

Simulated dimensionless X-Z plane trajectories cdx =1.0 at dimensionless water depth z=-6 and drop

o
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Fig. 3.64
angle 45

Simulated dimensionless X-Z plane trajectories cdx =1.2 at dimensionless water depth z=-6 and drop

o

Fig. 3.65 Simulated dimensionless X-Z plane trajectories cdx =1.0 at dimensionless water depth z=-6 and drop
angle 60o
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Fig. 3.66
angle 60

Simulated dimensionless X-Z plane trajectories cdx =1.2 at dimensionless water depth z=-6 and drop

o

3.3 Dropped Cylinders in Gaussian Process
When dropped objects move through the ocean water, it is more likely to encounter waves which
are continuous, directed movement of water generated by a number of forces acting upon the
water, including wind, the Coriolis effect, breaking waves, and temperature and salinity
difference and reach over long distance out of the area of their formation. These waves,especially
wind waves which are one of the most important phenomena in the marine environment, have a
certain amount of randomness because of turbulent forces. Therefore, a good understanding of
effect of randomness on the trajectories of dropped objects can help to improve offshore
engineering design of construction of marine structures and coastal management. The motion of
dropped objects will be better described by inclusion of a stochastic process in the equation. In
this study, the stochastic process is assumed as Gaussian process with probability density
function as:
f (x) =

1
( x   )2
exp[ 
]
2 2
 2

Where  is mean value and  is standard deviation. In the subsections, the dimensionless
governing equations are modified to stochastic governing equations by introducing random force.
The effects of trailing edge, initial orientation angle, x-directional drag coefficient, and variance
of Gaussian distribution on trajectories of dropped cylinders are investigated under influence of
Gaussian process.

61

3.3.1 The dimensionless stochastic governing equations
In this section, the random process is introduced by adding non-dimensional random force in the
dimensionless surge motion and equation of surge motion is modified into a stochastic C


'
U1 = A1 sin(  ) - B1 U1 | U 1 | - C1 U 1 | U 1 | + Frandom

Where

where

U1

is dimensionless velocity of surge motion and A1 ,
m  
dimensionless parameters which are expressed as A1 =
， B1 =0.664 
m
'
C1  Cdx , and Frandom
~ N(  ,  2 )

B1 , and C1
T
 2 L U1/2 ,
m

In consequence, U 3 for heave motion and 2 for pitch motion will be affected by Gaussian
process through coupled equations of motions, respectively.

3.3.2 The simulated trajectories
3.3.2.1 The effect of Gaussian process under different dropped angles
Using non-dimensional governing equations of surge, heave and pitch motions, dimensionless
simulations have been performed through the use of the trailing edge values of Xt=0.4 for the
initial orientation angles of  o =30o and  o =45o and 0.5 for 60o, respectively.The resulting
dimensionless trajectories are shown in Figs. 3.67-3.69 at variance of Gaussian process = 0.1,
0.01, and 0.001. It is interesting to see that no effect of random is shown on trajectories.

Fig. 3.67 Simulated dimensionless X-Z plane trajectories at drop angle 30o under influence of random noise RF
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Fig. 3.68 Simulated dimensionless X-Z plane trajectories at drop angle 45o under influence of random noise RF

Fig. 3.69 Simulated dimensionless X-Z plane trajectories at drop angle 60o under influence of random noise RF

63

From above study, it can be seen that because of symmetry of Gaussian distribution, effects of
Gaussian process on trajectories are not shown. Thus, restriction of direction is placed on the
random force. The two random forces are defined: the random force in same direction of
frictional force (RFS) and random force in opposite direction of frictional force (RFO). In
following subsections, the effects of these two random forces on trajectories are studied and
compared.
3.3.2.2 The effect of Gaussian process under different trailing edges
Using non-dimensional governing equations of surge, heave and pitch motions, dimensionless
simulations have been performed through the use of the trailing edge values of Xt=0.0, 0.3, 0.4 ,
and 0.5 for the initial orientation angles of  o =30o , 45o and 60o and variance of  2 =0.01 and
0.1. The resulting dimensionless trajectories are shown in Figs.3.70-3.81. For initial angles of
 o =30o , the simulated dimensionless trajectories under RFS seem to overshoot to the left and
random force of RFO shows effect of shifting trajectories to the right. When variance increases
to 0.1, random forces of RFS and RFO exhibit similar effects on trajectories and the effects are
enhanced. When dropped angle increases to 45o and 60o, trajectories display similar pattern. In
addition, variance shows significant effect on trajectories and random force in opposite direction
of friction will intense spiral motion of dropped object. Moreover, figures show that when initial
orientation angles increase from 30o to 60o , simulated dimensionless landing points seem to shift
to farther landing location along horizontal direction. Landing positions of the dropped
cylindrical at large initial dropping angles seem to separate farther apart compared with those at
lower angles. The dimensionless simulation show that the trailing edge position Xt has a
significant effect on the simulated dimensionless trajectory.

64

Fig. 3.70. Simulated dimensionless trajectories of dropped cylinders with different trailing edges at drop angle 30o
under influence of random noise RFS with variance of 0.01

Fig. 3.71. Simulated dimensionless trajectories of dropped cylinders with different trailing edges at drop angle 30o
under influence of random noise RFO with variance of 0.01

Fig. 3.72. Simulated dimensionless trajectories of dropped cylinders with different trailing edges at drop angle 30o
under influence of random noise RFS with variance of 0.1
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Fig. 3.73. Simulated dimensionless trajectories of dropped cylinders with different trailing edges at drop angle 30o
under influence of random noise RFO with variance of 0.1

Fig. 3.74. Simulated dimensionless trajectories of dropped cylinders with different trailing edges at drop angle 45o
under influence of random noise RFS with variance of 0.01
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Fig. 3.75. Simulated dimensionless trajectories of dropped cylinders with different trailing edges at drop angle 45o
under influence of random noise RFO with variance of 0.01

Fig. 3.76. Simulated dimensionless trajectories of dropped cylinders with different trailing edges at drop angle 45o
under influence of random noise RFS with variance of 0.1
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Fig. 3.77. Simulated dimensionless trajectories of dropped cylinders with different trailing edges at drop angle 45o
under influence of random noise RFO with variance of 0.1

Fig. 3.78. Simulated dimensionless trajectories of dropped cylinders with different trailing edges at drop angle 60o
under influence of random noise RFS with variance of 0.01
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Fig. 3.79. Simulated dimensionless trajectories of dropped cylinders with different trailing edges at drop angle 60o
under influence of random noise RFO with variance of 0.01

Fig. 3.80. Simulated dimensionless trajectories of dropped cylinders with different trailing edges at drop angle 60o
under influence of random noise RFS with variance of 0.1
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Fig. 3.81. Simulated dimensionless trajectories of dropped cylinders with different trailing edges at drop angle 60o
under influence of random noise RFO with variance of 0.1

3.3.2.3 The effect of Gaussian process under different x-directional drag coefficient
Non-dimensional simulations have been performed through the use of the values Xt=0.4 for
initial orientation angle  o =30o , 45o, and 60o , respectively. Figs 3.82-3.93 show the resulting
non-dimensional trajectories for different x directional drag coefficients, Cdx =1.0, 1.1, 1.2 and
1.3, respectively and variance of random force  2 =0.01 and 0.1. From figures, it can be seen
that simulated dimensionless trajectory under random force of RFO overshoot at right boundary
of experimental envelop for all values of Cdx at all drop angles and random force of RFS cause
trajectories shift to the left along x direction. In addition, figures indicate that there is a
significant effect of the randomness of Gaussian process on trajectories. Furthermore, figures
show that x-directional drag coefficient Cdx has little effect on trajectories.
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Fig. 3.82. Simulated dimensionless x-z plane trajectories at drop angle 30o under influence of random noise RFS
with variance of 0.01

Fig. 3.83. Simulated dimensionless x-z plane trajectories at drop angle 30o under influence of random noise RFO
with variance of 0.01
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Fig. 3.84. Simulated dimensionless x-z plane trajectories at drop angle 30o under influence of random noise RFS
with variance of 0.1

Fig. 3.85. Simulated dimensionless x-z plane trajectories at drop angle 30o under influence of random noise RFO
with variance of 0.1
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Fig. 3.86. Simulated dimensionless x-z plane trajectories at drop angle 45o under influence of random noise RFS
with variance of 0.01

Fig. 3.87. Simulated dimensionless x-z plane trajectories with C dx = 1.1 at drop angle 45o under influence of random
noise RFO with variance of 0.01
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Fig. 3.88. Simulated dimensionless x-z plane trajectories at drop angle 45o under influence of random noise RFS
with variance of 0.1

Fig. 3.89 Simulated dimensionless x-z plane trajectories at drop angle 45o under influence of random noise RFO
with variance of 0.1
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Fig. 3.90. Simulated dimensionless x-z plane trajectories at drop angle 60o under influence of random noise RFS
with variance of 0.01

Fig. 3.91 Simulated dimensionless x-z plane trajectories at drop angle 60o under influence of random noise RFO
with variance of 0.01
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Fig. 3.92. Simulated dimensionless x-z plane trajectories at drop angle 60o under influence of random noise RFS
with variance of 0.1

Fig. 3.93. Simulated dimensionless x-z plane trajectories at drop angle 60o under influence of random noise RFO
with variance of 0.1
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3.3.2.4 The effect of variance of Gaussian process on trajectories
Non-dimensional simulations have been performed under the trailing edge values of Xt=0.4 for
the initial orientation angles  o =30o and 45o and 0.5 for 60o. Figs. 3.94-3.99 show the resulting
dimensionless trajectories in X-Z plane for the initial orientation angles  o =30o, 45o and 60o.
For each drop angle, the non-dimensional X-Z trajectories are shown at variance of random force
 2 =0, 0.001,0.01, and 0.1 and non-dimensional Z position of z*=-0.8. From the figures, it can
be seen that the variance of random force spread the trajectories along x direction.That is, the
size of variance greatly impacts the result; however, when variance decreases to 0.001 or smaller,
the effect of random force is negligible.

Fig. 3.94 Simulated dimensionless X-Z plane trajectories at drop angle 30o under influence of random noise RFS
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Fig. 3.95 Simulated dimensionless X-Z plane trajectories at at drop angle 30o under influence of random noise RFO

Fig. 3.96 Simulated dimensionless X-Z plane trajectories at at drop angle 45o under influence of random noise RFS
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Fig. 3.97 Simulated dimensionless X-Z plane trajectories at at drop angle 45o under influence of random noise RFO.

Fig. 3.98 Simulated dimensionless X-Z plane trajectories at drop angle 60o under influence of random noise RFS
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Fig. 3.99 Simulated dimensionless X-Z plane trajectories at drop angle 60o under influence of random noise RFO
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Chapter 4 Summary and Conclusions
4.1 Summary of Study on Characteristics of Dimensionless Equations of Motion and
Trajectories
Using the proposed units of measurement of velocity and time, the two-dimensional dynamics
can be written in dimensionless forms. For surge motion, it is found that the magnitudes of
frictional drag are greater than those of form drag. When the initial dropping angle increases, the
magnitudes of frictional drag and form drag increase. However, the frictional drag seems to
become more dominant. In addition, frictional drag and form drag are oscillating force and their
magnitude decreases in time frame. For heave motion, dimensionless wave force Fdz and
dimensionless force induced by trailing edge FT = D2 U1 U 3 + E2 U1 2 are in opposite direction.
When the initial dropping angle increases, the magnitudes increase. However, their magnitudes
are at same level of order. Furthermore, frictional drag and form drag are oscillating force and
their magnitude decreases in time frame. For pitch motion, the magnitude of dimensionless
moment induced by wave force and dimensionless moment induced by hydrodynamic force are
seemly at same level of order. When the initial dropping angle increases, the initial magnitudes
of moments increase. However, their magnitudes decay faster with increasing in dropping angle.
Moreover, it is found that frictional drag and form drag are oscillating and their magnitude
decreases in time frame. Comparing effect of force and moment, it can be seen that moment is
dominating in motion of dropped cylindrical object.
In this study, scaled model is used with specifications: length=0.45meters, density=0.548 kg/m3,
mass=0.247kg, diameter of cross-sectional area=0.01 meters, and The density of water =1025
kg/m3. The units of measurement of velocity and time can be obtained as velocity U=7.83 m/s
and time T=0.78s. Based on proposed units of velocity and time, the dimensionless coefficients
in equations of surge, heave, and pitch motions can be evaluated. From numerical results, it can
be seen that the effect of frictional drag which is obtained from boundary layer theory for
laminar flow is dominant in the surge motion. The drag force described by Morison equation is
the most important for heave motion. The most contributions to moments for pitch motion come
from torques caused by drag force described by Morison equation and hydrodynamic force.
In order to study characteristics of trajectories governed by proposed dimensionless equations of
motion, dimensionless simulations have been performed through the use of the trailing edge
values of Xt=0.0, 0.3, 0.4 , and 0.5 for the initial orientation angles of  0 =30o, 0 =45o , and
0 =60o , respectively. For both initial angles of 0 =30o and 0 =45o , it is shown that the
simulated dimensionless trajectories at the trailing edge positions Xt=0.3 and Xt=0.4 are more in
line with the experimental results. Dimensionless trajectories with Xt=0.5 overshoot the righthand side boundary of the observed experimental range. All trajectories show a similar pattern.
The effect of the trailing edge decreases at a larger initial orientation angle  0 . The simulated
dimensionless trajectory for Xt=0.4 seems to agree well with of dimensionless experimental
values. Results show that when initial orientation angles increase from 30o to 60o , simulated
dimensionless landing points seem to shift to farther landing location along horizontal direction.
Landing positions of the dropped cylindrical at large initial dropping angles seem to separate
farther apart compared with those at lower angles. The dimensionless simulation show that the
trailing edge position Xt has a significant effect on the simulated dimensionless trajectory.
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dimensionless simulations have been performed through the use of the z-directional drag
coefficient values of Cdz =1.0, 1.1, 1.2 , and 1.3 for the initial orientation angles of 0 =30o, 45o ,
and 60o , respectively. Simulation results show that simulated dimensionless trajectory overshoot
at right boundary of experimental envelop for all values of Cdz at drop angle of 30o.. It can be
seen that dimensionless trajectories for Cdz =1.0 and 1.1 are in line with experimental envelop
when the drop angle is increased to 45o. When the drop angle is increased to 60o , the
dimensionless trajectories for Cdz =1.2 and 1.3 seem to fall into the range of experimental
dimensionless trajectory. Overall, it can be seen that for each drop angle, the dropped object
demonstrated similar simulated dimensionless trajectories compared with simulation with
physical units. Results indicate that trajectory under the larger drag coefficient Cdz causes
farther landing point in positive x-direction. The possible explanation is that larger Cdz arises
larger resistance force which slows down the falling motion and allows the dropped cylindrical
object to travel further in X-direction.
Time domain dimensionless translational motions in Z direction for initial orientation angle of
0 =45o with z direction drag coefficients Cdz =1.0, 1.1, 1.2 and 1.3 and the trailing edge Xt=0.4
show that the deviation of trajectories at different z direction drag coefficients Cdz happens in
middle of falling motion. The time domain translational motions seem identical for various
values of the x direction drag coefficient Cdx . Simulation results confirm that the trajectory is
significantly affected by the trailing edge.
Non-dimensional X-Z plane trajectories for the initial orientation angles varying from 0o and 90o
in uniform increments of 15o at the trailing edge positions Xt=0.3, 0.4, and 0.5 show that nondimensional X position tends to increase when increasing the dropped angle. When drop angle
reach 90o, X tends to decrease to zero. When the trailing edge increase, the positive X position at
90o seems to decrease. Optimal value of trailing edge Xt is 0.4 for drop angle less than 60o and
0.5 for drop angle greater than 60o . The total excursion distribution at non-dimensional z
position of 0.7 is employed in the simulation. Non-dimensional simulated results confirm that the
initial orientation angle 0 is one of the significant factors in determination of shape of
trajectories of dropped cylindrical objects, which is consistent with the findings from
[Awotahegn, 2015; Kim et.al.,2002; Luo et.al., 1992].
Spiral motion of dropped objects is studied by the dimensionless trajectories in X-Z plane for the
initial orientation angles  0 =30o, 45o and 60o. For each drop angle, the non-dimensional X-Z
trajectories have been inspected at three non-dimensional depths of 6. Results show that the
spiral motion or periodic mode in non-dimensional trajectory is largely affected by trailing edge.
The increase in trailing edge leads to decreasing in amplitude and frequency of oscillation. At
different dropping angles, trajectory exhibits consistent varying pattern of spiral motion.
4.2 Summary of Study on Dropped Cylindrical Object in Boundary Flow
In order to study the effect of boundary flows on trajectories of dropped object, the empirical
mathematical expression obtained from turbulent boundary flow is adopt for frictional force in
surge motion. Comparisons are carried out for simulated trajectories with laminar boundary flow
and turbulent boundary flow. Which is solution to Blasius equation under assumption of laminar
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flow. It is shown that the frictional forces induced by boundary flow are oscillating. In addition,
the magnitude of forces with turbulent boundary flow is smaller than that of with laminar
boundary flow. Furthermore, initial frictional forces increases with increasing in initial
orientation angles and decreases with increasing x-directional frictional drag coefficient.
Moreover, the forces in turbulent boundary flow decreases faster than that in laminar boundary
flow.
Dimensionless simulations have been performed through the use of the trailing edge values of
Xt=0.0, 0.3, 0.4 , and 0.5 for the initial orientation angles of  0 =30o, 0 =45o , and 0 =60o ,
respectively. Results show that, for both initial angles of  0 =30o and  0 =45o , the simulated
dimensionless trajectories under turbulent boundary flow at the trailing edge positions Xt=0.3
and Xt=0.4 are more in line with the experimental results. In addition, dimensionless trajectories
under laminar boundary flow with Xt=0.5 overshoot the right-hand side boundary of the
observed experimental range more than that of turbulent boundary flow. All trajectories exhibit a
similar pattern. It is shown that when initial orientation angles increase from 30o to 60o ,
simulated dimensionless landing points seem to shift to farther landing location along horizontal
direction. Landing positions of the dropped cylindrical at large initial dropping angles seem to
separate farther apart compared with those at lower angles. Also, the landing position of laminar
boundary flow is further than that of turbulent boundary flow. The dimensionless simulation
show that the trailing edge position Xt has a significant effect on the simulated dimensionless
trajectory.
Non-dimensional simulations have been performed through the use of the values Xt=0.4 for
initial orientation angle  0 =30o , 45o and 60o with different x directional drag coefficients,
Cdx =1.0, 1.1, 1.2 and 1.3, respectively. Results show that simulated dimensionless trajectory

with laminar boundary flow overshoot at right boundary of experimental envelop for all values
of Cdx at drop angle of 30o. It is interesting to see that the simulated dimensionless trajectories
under turbulent boundary flow seem to be more in line of experimental envelope. In addition, it
is shown that dimensionless trajectories for Cdx =1.0 and 1.1 are in line with experimental
envelop when the drop angle is increased to 45o for both of laminar and turbulent boundary flows.
Furthermore,when the drop angle is increased to 60o , the dimensionless trajectories for Cdx =1.2
and 1.3 seem to fall out of the range of experimental dimensionless trajectory. Overall, it can be
seen that for each drop angle, the dropped object demonstrated similar simulated dimensionless
trajectories compared with simulation with physical units. It shows that larger drag coefficient
Cdx seems to cause farther landing point in positive x-direction. The possible reason is that
larger Cdx arises larger resistance force which slows down the falling motion and allows the
dropped cylindrical object to travel further in X-direction.
Non-dimensional simulations have been performed under the trailing edge values of Xt=0.4 for
the initial orientation angles  0 =30o, 45o and 60o . For each drop angle, resulting trajectories are
shown at x-directional frictional coefficients of Cdx =1.0 and 1.2 and non-dimensional Z position
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of z*=-10. Results show that the non-dimensional trajectory under turbulent boundary flow
seems to end its spiral motion or periodic mode more faster than that of laminar boundary flow.
In addition, the oscillating mode seems to decrease its amplitude with increasing in initial
orientation dropping angle. Furthermore, the laminar boundary flow seems to cause object to
land in farther x position.
4.3 Summary of Study on Dropped Cylindrical Object in Currents
The effects of current on trajectories are studied by is introducing relative velocity Vc  U o into
force and moment terms in equation of motion, where U o is velocity of object U c is velocity
induced by current. The forms of current considered are uniform current Vc  U , exponential
current Vc  exp(  at ) which simulates the effect of weakening surface current, where a is
constant >0 and t is time, and sinusoidal current Vc  A sin(t ) which simulates the effect of
oscillating current,where A is amplitude,  is circular frequency and t is time.
Dimensionless simulations have been performed through the use of the trailing edge values of
Xt=0.0, 0.3, 0.4 , and 0.5 for the initial orientation angles of  o =30o, 45o , and 60o , respectively.
Results show that the forms of current spread the trajectories along x direction. It is interesting to
note that trajectory under uniform current is significantly separated from those of exponential
and sinusoidal current. In addition, trajectory with uniform current seems to overshoot the righthand side boundary more than those of exponential and sinusoidal current. At drop angle of 30o,
the trajectories with exponential and sinusoidal currents exhibit similarly. The trajectories begin
to separate from each other when drop angle increases to 45o and 60o and trailing edge increases
to 0.4 and 0.5. Overall, trajectories show a similar pattern. Simulated dimensionless landing
points with uniform current seems to shift to farther landing location along horizontal direction.
Landing positions of the dropped cylindrical at large initial dropping angles seem to separate
farther apart compared with those at lower angles. Furthermore, the landing position under
uniform current is further than those of other forms of currents. The dimensionless simulation
show that the trailing edge position Xt has a significant effect on the simulated dimensionless
trajectory.
Non-dimensional simulations have been performed through the use of the values Xt=0.4 for
initial orientation angle  o =30o and 45o and Xt=0.5 for 60o with different x directional drag
coefficients, Cdx =1.0, 1.1, 1.2 and 1.3, respectively. Results show that the forms of current
spread trajectories along x direction, that is, simulated dimensionless trajectory under uniform
current overshoot at right for all values of Cdx at drop angle of 30o. In addition, results indicate
that the simulated dimensionless trajectories under exponential and sinusoidal forms of current
exhibit little separation. Furthermore, results show that dimensionless trajectories for Cdx =1.2
and 1.3 exhibit small landing position along x direction when the drop angle is increased to 45o
for exponential and sinusoidal forms of currents. When the drop angle is increased to 60o , the
dimensionless trajectories for all values of Cdx seem to shift to the right at trailing edge of
X t =0.5. Overall, it can be seen that for each drop angle, the dropped object demonstrated
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similar simulated dimensionless trajectories compared with simulation with physical units.
Moreover, figures show that drag coefficient Cdx has insignificant influence on landing point in
positive x-direction as well as the trajectory. The possible reason is that larger initial orientation
angle arises larger resistance force which increase the moment of the falling objects and allows
the dropped cylindrical object to travel further in X-direction.
Non-dimensional simulations have been performed under the trailing edge values of Xt=0.4 for
the initial orientation angles  o =30o and 45o and 0.5 for 60o. For each drop angle, the nondimensional X-Z trajectories are shown at x-directional frictional coefficients of Cdx =1.0 and 1.2
and non-dimensional Z position of z*=-6. Results show that the non-dimensional trajectory
under various forms of current seems to end its spiral motion or periodic mode faster with
increasing in initial dropped angle. The oscillating mode seem to decrease its amplitude with
increasing in initial orientation dropping angle and in x-directional frictional coefficient Cdx . The
uniform current seems to cause object to land in farther x position.
4.4 Summary of Study on Dropped Cylindrical Object in Gaussian Process
In order to study the effects of stochastic process on trajectories of dropped object, Gaussian
process is introduced into surge motion as random force in the dimensionless surge motion and
equation of surge motion is modified into a stochastic differential equation. Dimensionless
simulations have been performed through the use of the trailing edge values of Xt=0.4 for the
initial orientation angles of  o =30o and  o =45o and 0.5 for 60o, respectively.The resulting
dimensionless trajectories are shown at variances of Gaussian process  2 = 0.1, 0.01, and 0.001.
It is interesting to see that no effect of random is shown on trajectories. Based on simulated
results, restriction of direction is placed on the random force. The random force in same direction
as frictional force (RFS) and random force in opposite direction (RFO) are specified.
Dimensionless simulations have been performed through the use of the trailing edge values of
Xt=0.0, 0.3, 0.4 , and 0.5 for the initial orientation angles of  o =30o , 45o and 60o and variance
of  2 =0.01 and 0.1. For initial angles of  o =30o , it is shown that the simulated dimensionless
trajectories under RFS seem to overshoot to the left and random force of RFO shows effect of
shifting trajectories to the right. When variance increases to 0.1, random forces of RFS and RFO
exhibit similar effects on trajectories and the effects are enhanced. When dropped angle increases
to 45o and 60o, trajectories display similar pattern. In addition, variance shows significant effect
on trajectories and random force in opposite direction of friction will intense spiral motion of
dropped object. Moreover, results show that when initial orientation angles increase from 30o to
60o , simulated dimensionless landing points seem to shift to farther landing location along
horizontal direction. Landing positions of the dropped cylindrical at large initial dropping angles
seem to separate farther apart compared with those at lower angles. The dimensionless
simulation show that the trailing edge position Xt has a significant effect on the simulated
dimensionless trajectory.
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Non-dimensional simulations have been performed through the use of the values Xt=0.4 for
initial orientation angle  o =30o , 45o, and 60o with different x directional drag coefficients,
Cdx =1.0, 1.1, 1.2 and 1.3, respectively and variance of random force  2 =0.01 and 0.1. It is

found that simulated dimensionless trajectory under random force of RFO overshoot at right
boundary of experimental envelop for all values of Cdx at all drop angles and random force of
RFS cause trajectories shift to the left along x direction. In addition, results indicate that there is
a significant effect of the randomness of Gaussian process on trajectories. Furthermore, results
show that x-directional drag coefficient Cdx has little effect on trajectories.
Non-dimensional simulations have been performed under the trailing edge values of Xt=0.4 for
the initial orientation angles  o =30o and 45o and 0.5 for 60o. For each drop angle, the nondimensional X-Z trajectories are shown at variance of random force  2 =0, 0.001,0.01, and 0.1
and non-dimensional Z position of z*=-0.8. Results that the variance of random force spread the
trajectories along x direction. Furthermore, when variance decreases to 0.001, the effect of
random force is negligible.
4.5 Conclusions
In this study, the properties of proposed dimensionless equations of motion were investigated.
Effects of boundary flow, current flow, and stochastic process on trajectories were studied
through performing numerical simulation on modified dimensionless governing equations of
motion. The resulting dimensionless trajectories confirm that trailing edge, the drop angle and zdirection drag coefficient are critical factors which affect the trajectories and the findings are
consistent with those of simulation results[Awotahegn, 2015; Luo et al.,1992; Xiang et al.,2016;
Xiang et al., 2017a; Xiang et al., 2017b]. The initial orientation angle greatly affects the
underwater trajectory of the dropped cylinder. With increasing orientation angle, the larger
excursion in x-direction occurred. In addition, it is found that the trailing edge significantly
affects the simulated trajectory through the hydrodynamic force upon the object. It is shown that
x-directional drag coefficient Cdx has little effect on the X-Z plane motion. It was found that the
trajectories under the turbulent boundary flow are more in line with experimental range than
those of the laminar boundary flow. The trajectories under exponential and sinusoidal forms of
currents are obviously separated from those of the uniform current. It was found that variance of
stochastic process has significant effect on trajectories of dropped object. In future research, the
revolution of trajectory could be investigated by extending stochastic process into Wiener
process and Poisson process motion and by considering that the water entry of dropped object is
affected by random factors.
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